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Abstract
The microtubule-associated protein tau (MAPT) is a pathological component of several
neurodegenerative diseases and clinical dementias. Here, we have investigated the effects of a
series of commercially available FDA-approved compounds and natural products on total tau
protein levels using a cell-based approach that allows for the rapid and efficient measurement of
changes in protein expression.
Results: The compounds that reduced tau largely fell within 3 functional categories with the largest
percentage being microtubule regulators. Several of these candidates were validated in both a
human neuroglioma and a human neuroblastoma cell line. While these drugs lead to a rapid
reduction in tau protein levels, a selective decrease in MAPT mRNA expression was also observed.
Conclusion: These findings suggest that the identified compounds that reduce tau levels may act
either through direct effects on the MAPT promoter itself or by altering a feedback transcriptional
mechanism regulating MAPT transcription. This is particularly interesting in light of recent evidence
suggesting that MAPT 5' UTR mutations in late-onset PD and PSP cases alter the expression of tau
mRNA. In fact, one of the compounds we identified, rotenone, has been used extensively to model
PD in rodents. These observations may provide key insights into the mechanism of tau turnover
within the neuron while also providing the first evidence that selectively reducing tau protein levels
may be possible using compounds that are FDA-approved for other uses.
Background
The microtubule-associated protein tau (MAPT) has been
demonstrated to be an integral component of axon forma-
tion and neuronal transport, and serves as a substrate for
multiple cellular signaling pathways [1,2]. However, in
several neurological disorders with clinical dementia, tau
apparently loses its normal function and begins to aber-
rantly accumulate into various types of pathological inclu-
sions. Mutations within the MAPT gene [3,4], were shown
to result in the formation of neurofibrillary tau aggregates
leading to FTDP-17 (frontotemporal dementia with par-
kinsonism linked to chromosome 17), thus providing
conclusive evidence that abnormalities in tau are suffi-
cient to produce neurodegeneration and dementia. While
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Alzheimer's disease (AD) is indeed the predominant
dementia demonstrating consistent tau pathology, the
accumulation of abnormally phosphorylated tau species
is also a primary histopathologic hallmark of several other
heritable dementias, including corticobasal degeneration
(CBD), parasupranuclear palsy (PSP) and frontotemporal
dementia (FTD). In addition, post-mortem assessments of
many late onset Parkinson's disease (PD) cases demon-
strate abnormal tau aggregation, further suggesting the
central role that this protein may have in a host of neuro-
logical disorders not associated with amyloid deposition
as with AD.
Recent evidence has indicated that the abnormal intracel-
lular accumulation of tau may ultimately be self-perpetu-
ating [5], and this conversion of tau has been proposed to
be a toxic gain-of-function phenomenon [6]. The recent
generation of viable and seemingly normal MAPT -/- mice
has raised the possibility that neurons may be tolerant of
perturbations in the overall levels of tau protein. Collec-
tively, these data suggest that reductions in tau may be a
viable therapeutic application. In further support of this
notion, Santacruz et al. also recently demonstrated that
reducing the expression of MAPT mRNA in a Tet-Off
inducible tau mouse model reversed the cognitive deficits
and neuronal loss in these mice without reducing the
number of tau aggregates [7]. Therefore, tau itself rather
than the aggregates and tangles, may serve as a valid ther-
apeutic candidate, particularly in cases caused by familial
mutations of the MAPT locus. These studies demonstrate
the need for compounds to facilitate the removal of either
the total pool of tau or specific aberrant forms of tau (i.e.
hyperphosphorylated, misfolded, etc.). Unfortunately,
however, the feasibility of large scale efforts to identify
modifiers of endogenous protein species has proven tech-
nically challenging. We recently developed a novel tech-
nique to quantitatively measure various tau species,
including an assay to analyze total tau protein while
simultaneously measuring GAPDH levels as an estimate
of cell viability [8]. Using this platform, we have screened
a library of off-patent compounds and have identified sev-
eral that are capable of reducing tau levels in brain-derived
cell lines.
Results
A primary pathological contributor to several dementias is
the abnormal accumulation of the tau protein. Therefore
reducing the overall levels of this protein may hold thera-
peutic relevance. We have developed a quantitative cell-
based screening methodology for measuring intracellular
tau protein levels to identify off-patent and FDA-approved
compounds that may hold efficacy against this major pro-
tein component of AD pathology. Preliminary Western
blot analyses revealed that, combined with their robust
adhesiveness, H4 human neuroglioma-like cells have sub-
stantial tau immunoreactivity corresponding to both 3
and 4 repeat human tau isoforms (Fig 1A). Therefore, we
chose this line for all subsequent screens to assess total tau
levels. To determine the dynamic linear range for tau and
GAPDH in the H4 cells using the In Cell Western assay,
cells were plated at different seeding densities and incu-
bated for 48 hours. We determined that for tau detection
with the 680 nm fluorescent-labeled anti-rabbit second-
ary antibody and GAPDH detection with the 800 nm flu-
orescent-labeled anti-mouse secondary antibody, the
optimal range for detecting tau was at a point when H4
cells were seeded at a density between ~3 × 104 and ~4 ×
105 per well (Fig 1C). We then determined that the coeffi-
cient of variance was 5% for total tau immunoreactivity
and the signal-to-background ratio was approximately
12.9×. We therefore seeded 8 × 104 cells/well for all subse-
quent investigations.
Using this ICW paradigm, we screened a commercially
available chemical library containing ~880 functionally
diverse molecules (85% of which are commercially mar-
keted) for compounds that reduced total tau levels. Initial
analyses revealed that 26 compounds (3 %) were shown
to significantly (p < 0.05) reduce tau immunoreactivity
(IR) relative to GAPDH IR (Table 1). Of these 26 com-
pounds, 9 resulted in >25% reduction in GAPDH IR
(Table 1; italics). Two compounds, epicatechin and beta-
methasone, were falsely identified by our initial analyses
as they increased GAPDH IR without changing tau IR
(Table 1; small caps) and this altered the tau/GAPDH
ratio used to initially identify compounds. Nine com-
pounds caused a >25% reduction in tau levels with <10%
reductions in GAPDH IR, perhaps representing the most
optimal category for therapeutic relevance (Table 1; bold).
The remaining six compounds did reduce tau by at least
19% (ciclopirox) or more, with differing effects on
GAPDH levels (Table 1; bold-italics).
To further identify optimal therapeutic candidates, we
performed a dose response on the H4 cells with the ICW
methodology (100 μM to 10 nM) along with LDH analy-
ses. Thirteen compounds were chosen from the initial 25
based on several factors including the potency of the tau
IR reductions from the primary screens, relevance from lit-
erature and commercial availability. Only 6 compounds
demonstrated a therapeutic window where the concentra-
tion that reduced tau levels by 50% was 10-fold less than
the concentration that was toxic to 50% of the cells (as
assessed by LDH levels). Five of these compounds (dau-
norubicin, methylene blue, camptothecine, paclitaxel and
albendazole; betamethasone was excluded due to
increased GAPDH IR in primary screens), were further
characterized for their effects on tau by Western blot and
qRT-PCR analyses. Western blot analysis revealed that tau
levels were significantly reduced in a dose-dependentMolecular Neurodegeneration 2006, 1:6 http://www.molecularneurodegeneration.com/content/1/1/6
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In-Cell Western Optimization Figure 1
In-Cell Western Optimization. (A) Tau levels from multiple cell lines were assessed by Western blot. H4 neuroglioma 
cells were chosen for the assay for several reasons including relatively robust tau expression, adhesion properties and human 
neural lineage. β-actin levels were assayed to control for variations in protein loading. (B) H4 cells were plated in a 96-well 
plate and tau immunoreactivity was determined by fluorescent (680 nm) secondary antibody detection using the Odyssey infra-
red scanner. Conditions were optimized to produce a low 5% well-to-well variation across the plate represented as CV (coef-
ficient of variance) for rows B-G, and a signal-to-background ratio of >10-fold (12.9; background is empty wells in rows A and 
H). (C) Cells were plated at the densities indicated on the x-axis. Relative Fluorescence for triplicate wells were averaged and 
the standard deviation was calculated. Black diamonds () indicate tau immunoreactivity with detection at 680 nm; gray boxes 
(■) indicate GAPDH immunoreactivity with detection at 800 nmMolecular Neurodegeneration 2006, 1:6 http://www.molecularneurodegeneration.com/content/1/1/6
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manner for all 5 compounds relative to vehicle treated
cells (Figure 2). Daunorubicin and camptothecine dem-
onstrated similar reductions in MAP2 levels and slight
reductions in GAPDH IR whereas paclitaxel, methylene
blue and albendazole appear to reduce tau specifically
(Figure 2). To determine the universality of these effects,
we then assessed efficacy in both the M17 and N2A cell
lines. Interestingly, only tau within the human M17 neu-
roblastoma cell line (Figure 3) was responsive to treat-
ment with the 5 lead candidates, while N2A tau levels
remained largely unchanged (not shown). Thus, these
effects were not replicated in a murine neuroblastoma cell
line, suggesting that the compounds identified may not
have sufficient efficacy in mouse model systems, despite
efficacy in two different human CNS derived cell lines.
Real time PCR was then used to determine if tau mRNA
expression in the H4 cell line was altered following treat-
ment with these 5 candidates. Interestingly, daunoru-
bicin, paclitaxel, albendazole and camptothecine all
reduced tau mRNA levels relative to GAPDH (Fig 4).
Camptothecine and paclitaxel caused dose responsive
reductions in tau mRNA whereas albendazole and dauno-
rubicin similarly reduced tau levels at each concentration
(with the exception of the 10 μM daunorubicin concentra-
tion that had no detectable mRNA expression for either
tau or GAPDH). Conversely, methylene blue increased tau
mRNA expression relative to GAPDH despite reducing tau
protein levels (Fig 4). Chelidonine was included as a con-
trol compound that reduced tau levels by primary screens
but did not change mRNA expression.
Discussion
While most recent AD therapeutic development has
focused on the removal of Aβ or prevention of its aggrega-
tion into plaques, the recent findings by Oddo et al and
Table 1: Tau-reducing compounds identified from initial in-cell western screening assay
Functional Grouping Drug Name Tau IR as a % Of Vehicle 
Control
GAPDH IR as a % Of Vehicle 
Control
Aggregation inhibitors Daunorubicin 21 ± 0 52 ± 6
Diazaquone 66 ± 3 106 ± 6
Methylene Blue 72 ± 6 112 ± 6
EPICATECHIN 100 ± 4 140 ± 5
Doxorubicin HCl 41 ± 3 56 ± 6
Antibiotics Alexidine HCl 57 ± 0 91 ± 9
Gramicidin 58 ± 0 84 ± 0
Ciclopirox  81 ± 2 109 ± 6
Anti-proliferatives Camptothecine 38 ± 0 71 ± 1
Azacytidine-5 40 ± 0 56 ± 3
Emetine diHCl 51 ± 11 69 ± 2
Mycophenolic Acid 77 ± 0 100 ± 7
Azaguanine-8 79 ± 0 88 ± 3
Microtubule regulators Paclitaxel 47 ± 2 61 ± 4
Colchicine 44 ± 0 93 ± 6
Albendazole 44 ± 4 93 ± 12
Podophyllotoxin 37 ± 0 63 ± 2
Nocodazole 38 ± 0 61 ± 3
Mebendazole 45 ± 3 69 ± 4
Fenbendazole 51 ± 2 76 ± 9
Chelidonine  67 ± 0 96 ± 4
Rotenone 72 ± 0 99 ± 1
Receptor Antagonists Lanotoside C 61 ± 2 79 ± 2
Lasalocid Na salt 77 ± 2 96 ± 2
Steroids BETAMETHASONE 99 ± 0 146 ± 13
Norethindrone 69 ± 1  110 ± 3
Italics = Drugs that reduced tau levels, but that reduced GAPDH levels by >25% indicating some toxicity; SMALL CAPS = Drugs that increased 
GAPDH levels without reducing tau levels; Bold = Drugs resulting in >25% reductions in tau levels with <10% reductions in GAPDH levels; Bold 
Italics = Drugs demonstrating <25% reductions in tau levels and/or 10–25% changes in GAPDH levels. IR indicates immunoreactivity. SD indicates 
standard deviation. Compounds are grouped based on their functional class.Molecular Neurodegeneration 2006, 1:6 http://www.molecularneurodegeneration.com/content/1/1/6
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Santacruz et al. that tau accumulation can only be
reversed at an early stage in its AD pathogenesis highlights
the need for therapeutic strategies to slow or even stop tau
accumulation in this disease and other hereditary tauopa-
thies [5,7]. Several strategies have recently been suggested
that target various pathologically associated tau species,
including hyperphosphorylated and aggregation-compe-
tent species (For review see [6]).
While the tau protein was originally characterized as a
late-stage component of AD pathology, the identification
of mutations within the MAPT gene itself in patients with
clinical dementia and a parkinsonian phenotype (i.e.
FTDP-17) [3] demonstrated that tau, in and of itself, is
capable of causing neurodegenerative disease. In fact, sev-
eral studies have now demonstrated that genetic variation
in the critical 5' and promoter region of the MAPT locus
was associated with typical late-onset PD (LOPD) [12,13]
and irregular tau accumulation has been observed in both
parkinsonism kindreds and sporadic LOPD cases [14].
Furthermore, a recent report demonstrated that tau tran-
scriptional activity was impaired by introduction of a sin-
gle nucleotide polymorphism found on the H1 haplotype
of progressive supranuclear palsy patients [15]. Thus,
altered expression of the tau protein may indeed contrib-
ute to the onset of parkinsonism, including LOPD. While
both α-synuclein and tau accumulation are often a neu-
ropathological feature of clinically diagnosed PD patients
following post-mortem examination, a recent study dem-
onstrated that adenoviral over-expression of tau, but not
α-synuclein, was sufficient to promote dopaminergic neu-
ronal loss and impair rotational behavior in otherwise
Validation of candidate compound efficacy for tau reductions  in H4 neuroglioma cells by standard Western blot Figure 2
Validation of candidate compound efficacy for tau 
reductions in H4 neuroglioma cells by standard 
Western blot. H4 neuroglioma cells were treated at 90% 
confluency for 24 hours with respective μM concentrations 
of drugs shown at the top of each lane. Cells were then har-
vested and homogenized, normalized for protein concentra-
tion and subjected to SDS-PAGE followed by probing for 
total tau, MAP2 and GAPDH. We validated the efficacy of 5 
compounds by Western blotting demonstrating that two of 
these compounds, daunorubicin and camptothecine, show 
capacity to reduce both MAPs and GAPDH compared to 
vehicle (bottom right), while the other 3 compounds, paclit-
axel, methylene blue and albendazole, all appear to have spe-
cific effects on tau levels compared to vehicle.
Validation of candidate compound efficacy for tau reductions  in M17 neuroblastoma cells by standard Western blot Figure 3
Validation of candidate compound efficacy for tau 
reductions in M17 neuroblastoma cells by standard 
Western blot. M17 neuroblastoma cells were treated at 
90% confluency for 24 hours with respective μM concentra-
tions of drugs shown at the top of each lane. Cells were then 
harvested and homogenized, normalized for protein concen-
tration and subjected to SDS-PAGE followed by probing for 
total tau and GAPDH. All 5 compounds altered tau levels. 
Several compounds caused fragmentation of tau relative to 
vehicle treated cells. Note the high molecular weight species 
present at the 1 μM dose of daunorubicin and the 1 and 0.1 
μM doses of camptothecine, perhaps indicating the formation 
of a multimeric structure during tau degradation.Molecular Neurodegeneration 2006, 1:6 http://www.molecularneurodegeneration.com/content/1/1/6
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normal rats, further supporting an important role for tau
in the pathogenesis of PD [16].
Here, based on findings that mice entirely deficient of tau
expression are quite viable [17,18] and the notion that
generally reducing the pool of tau available for further
aggregation may hold therapeutic potential after disease
onset, we analyzed a small library of predominantly mar-
keted compounds for their ability to reduce total tau pro-
tein levels. Using an ICW assay [8,9], we have
demonstrated that several compounds indeed appear able
to reduce tau protein levels, and that out of 25 com-
pounds identified, 9 were involved with microtubule
dynamics and 4 were putative protein filament/aggrega-
tion inhibitors. We demonstrated that several of these
drugs were able to selectively lower tau levels without
affecting another microtubule-associated protein, MAP2.
In addition, several (5) anti-proliferative compounds
were identified from our screens, further emphasizing the
role that tau plays in cell division and the potential sensi-
tivity of its expression based on the functional require-
ments of the cell at any given time.
We classified tau-reducing compounds based on their
functional capacity as cited in the current body of litera-
ture. Inasmuch, a recent report by Pickhardt and col-
leagues demonstrated that anthraquinones were able to
dissolve paired helical filaments of tau and inhibit its
aggregation [20]. Earlier work has also demonstrated that
doxorubicin regulates both tau metabolism [21] and dis-
rupts microtubules [22]. Therefore, our identification of
anthraquinones, such as doxorubicin and daunorubicin,
as reducers of total tau levels, is not only consistent with
previous findings, it also provides additional support for
the idea that tau levels may be highly dynamic based on
the requirement of the cell for the generation of microtu-
bule networks. Perhaps more importantly, these findings
suggest that the degradation of tau is a highly ordered
process that requires precise synchronicity at both the
translational and transcriptional levels due to the multi-
ple cleavage fragments, the reductions in MAPT mRNA
levels, and even the appearance of higher molecular
weight tau species that are produced by these compounds.
We also noticed that while toxicity was certainly observed
with several compounds, tau levels were significantly
lower compared with GAPDH levels. This was somewhat
surprising as the half-life of both tau protein and mRNA
are thought to be relatively long-lived [23,24] compared
to other molecules. Certainly, while under normal condi-
tions tau might be quite stable, our results suggest that
compounds targeting the tubulin, the substrate of tau,
promote the rapid and ordered removal of tau from the
cell. This may indicate that impaired degradation of the
tau protein could ultimately facilitate its abnormal accu-
mulation in a diseased condition such as AD and PD.
Follow-up studies in the H4 cell line revealed that a pri-
mary mechanism by which these compounds elicited tau
reductions was likely due to reduced transcriptional activ-
ity (Fig 4). Some conclusions regarding specificity of this
effect can be drawn as it has previously been demon-
strated that tau mRNA is an extremely stable transcript in
neurons due to 3' UTR structural motifs [24]. These results
perhaps indicate that the MAPT 5' UTR is being directly
modulated by these compounds, or that microtubule
destabilization activates a negative feedback pathway that
reduces tau expression. It is therefore possible that one of
the fragments produced by treatment with these com-
pounds (Fig 3) is also negatively regulating MAPT mRNA
expression. This could link the genetic association found
in the 5' MAPT locus for LOPD that seems to lead to
enhanced tau expression [Kwok] [Skipper] with a func-
tional consequence of impaired intraneuronal transport
due to microtubule breakdown and altered tau expression
(i.e. presynaptic accumulation of α-synuclein and mito-
chondrial breakdown, two classical features of PD). This
finding also supports earlier work by Litman et al., dem-
onstrating that tau mRNA itself co-localizes with intact
microtubules within axons [25], and therefore, disruption
of microtubules may lead to local reductions in both tau
protein and mRNA levels. This could also suggest that
MAPT mRNA is perhaps locally translated at the pre-syn-
apse, providing for a mechanism of rapid regulation that
is not impeded by classical protein trafficking from the
nucleus. Therefore, the alteration of microtubule stability
may in fact lead to altered expression levels of tau.
Compounds that reduce tau protein levels also affect mRNA  expression Figure 4
Compounds that reduce tau protein levels also affect 
mRNA expression. H4 cells were treated in triplicate with 
10, 1, and 0.1 μM of compounds listed on x-axis. Quantita-
tive real time PCR was used to determine expression levels 
of tau relative to GAPDH. Relative fluorescent units (RFUs) 
were determined and presented here as a percentage of the 
vehicle-treated controls. "NS" indicates no RFUs detected.Molecular Neurodegeneration 2006, 1:6 http://www.molecularneurodegeneration.com/content/1/1/6
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When human neuroblastoma cells were treated with sev-
eral of these same compounds and subjected to Western
analysis, marked degradation of tau was observed and in
some cases a high molecular weight (HMW) tau species
emerged. Earlier studies identified this HMW tau as a 110
kDa species produced from an alternatively spliced tran-
script of tau that is predominantly found in the peripheral
nervous system [26,27]; however the functional capacity
of HMW tau remains unclear. Another interesting finding
was the lack of detectable tau reductions in the mouse
N2A neuroblastoma cell line following treatment with
these same compounds. Human and mouse tau are proc-
essed quite distinctly, in that adult mice exclusively pro-
duce exon 10 (+) tau isoforms while normal adult
humans produce both exon 10 (+) and exon 10 (-) tau iso-
forms at a 1:1 ratio [28]. In addition, despite robust Aβ
deposition in mice transgenic for mutant forms of the
amyloid precursor protein (APP), neither tau accumula-
tion nor tangle formation has been observed in these ani-
mals. Thus, mouse tau is distinctly different from human
tau and therefore it is not surprising that compounds
affecting human tau are not capable of altering mouse tau.
It also suggests that in vivo validation of these compounds
will likely require the use of mice transgenic for human
tau or even mice that have been humanized for the MAPT
gene [29].
Conclusion
Certainly, while all of the compounds identified have
unique properties and functions, our results indicate that
microtubule disruption is a primary modifier of tau
expression and levels. While these compounds have typi-
cally been used to arrest cell division, it has yet to be deter-
mined what their impact might be in terminally
differentiated neurons that utilize microtubules and their
associated proteins in an entirely different manner from
the rest of the body. The recent study by Zhang et al. dem-
onstrated that in vivo administration of the microtubule
stabilizer  Paxceed  prevented tau sequestration and
improved axonal transport in a mouse model of tauopa-
thy, providing the first indication that compounds affect-
ing microtubule integrity might have therapeutic
potential for neurodegenerative diseases involving tau
[30]. Unfortunately tau levels were not assessed in the
mice transgenic for human tau in this study; however,
based on our findings here it would be predicted that tau
levels were reduced in those mice. Thus, in patients
already suffering from heritable dementia associated with
mutations within the MAPT gene, perhaps reducing the
available pool of the pathogenic substrate could hold
immediate clinical promise, particularly as many of the
compounds identified in this analysis are FDA-approved
and currently being used by physicians to treat other vari-
ous disorders.
Materials and methods
Cell culture and drug treatments
The human H4 neuroglioma, human BE(2)-M17 neurob-
lastoma (M17) and mouse Neuro2a (N2A) neuroblast-
oma cell lines were maintained in T-75 flasks with Opti-
MEM (Invitrogen) with 10% FBS and antibiotic. N2A cells
were supplemented with 2 mM glutamine. New cultures
were started monthly and passaged thereafter twice
weekly with trypsin. In preparation for drug treatment
and In-Cell Western analysis, H4 cells were passaged into
96-well clear bottom plates (BD Falcon) at a density of 8
× 104  cells/well and incubated overnight. Cells were
treated in triplicate for 24 hours with a single concentra-
tion (normally 1–10 μM) of each compound from the
Prestwick (880 compounds) library or vehicle (DMSO).
Based on our previous studies, EC82 (Conforma Thera-
peutics) [9] was added to each plate for use as a positive
control for tau reductions. For dose response studies, 100,
10, 1, 0.1 and 0.01 μM concentrations of drug were added
to wells in duplicate for 24 hours. For preparation of
homogenates for normal Western blot analyses, cells were
passaged into 6-well plates, incubated overnight and
treated the next day with drug or vehicle at indicated con-
centrations. Cells were then incubated for 24 hours and
harvested in lysis buffer containing (50 mM Tris-HCl pH
7.4, 1 M NaCL, 0.1% Triton-X, 5 mM EDTA) plus 1% SDS,
PMSF, and both a protease and phosphatase inhibitor
cocktail.
Western blot analysis
Cell lysates were sonicated and protein concentrations
were measured by a standard BCA assay (Pierce). The sam-
ples were then heated in Laemmli's buffer and equal
amounts of protein were loaded into 12-well 10% Tris-
HCl gels (Bio-Rad). Protein expression was then analyzed
by Western blot using anti-human tau (1:2000; DAKO),
anti-MAP2 (1:1000; Cell Signaling) and anti-GAPDH
(1:2000; BioDesign) antibodies. HRP-conjugated second-
ary antibodies were applied and visualized by ECL treat-
ment and exposure to film.
In-Cell Western blotting and quantitation
In-Cell Western analysis was performed as previously
described [8,9]. Briefly, 50 μl of media from the 96-well
plates were removed for LDH analysis to detect toxicity
(Cytotox 96 Assay Kit, Promega) and the remaining media
was aspirated. Cells were fixed with 3.7% formaldehyde
in PBS for 20 minutes and then permeabilized with three
10 minute washes in PBS + 0.1% Triton-X 100 (BioTek
Instruments Inc.). A proprietary lipid-based blocking
buffer (LBB; Li-Cor) was added for two hours, followed by
overnight incubation with rabbit anti-human tau (1:500;
DAKO) and mouse anti-human glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; 1:1500; BioDesign) anti-
bodies in a 1:1 buffer of LBB and PBS + 0.2% Tween20.Molecular Neurodegeneration 2006, 1:6 http://www.molecularneurodegeneration.com/content/1/1/6
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After three 10 minute washes in PBS + 0.1% Tween-20,
secondary detection was carried out using two infrared
fluorescent dye conjugated antibodies in 1:1 buffer of LBB
and PBS + 0.4% Tween20; one absorbing at 680 nm (Alex-
aFluor 680; Molecular Probes) and the other absorbing at
800 nm (IRDye 800 CW; Rockland). After an hour incu-
bation and washing, the targets were simultaneously visu-
alized using the Odyssey Infrared Imaging Scanner (Li-
Cor, Lincoln, NB). Relative fluorescent units for drug-
treated samples were divided by vehicle controls to deter-
mine percent change in expression of both tau and
GAPDH levels relative to control. The student t-test was
used to determine significant toxicity effects due to drug
treatment based on the expression levels of GAPDH, and
then a separate student t-test was used to determine signif-
icant differences between tau and GAPDH levels in treated
cells.
qRT-PCR
RNA was isolated from cells and analyzed by qRT-PCR as
previously described [10,11]. Briefly, Total RNA from H4
cells treated at 3 different concentrations (10 mg/ml, 1
mg/ml and 0.1 mg/ml) in duplicate was isolated using the
RNeasy 96 technology from Qiagen and reverse tran-
scribed with MMLV reverse transcriptase and 1 M Betaine.
A standard curve was established within the reverse tran-
scription reaction by adding total RNA (template) from
untreated H4 cells covering 3 logs. 5 ng of total RNA from
all samples were added to individual wells within the
reverse transcription reaction for comparison to the stand-
ard curve. Primers for SYBR green qPCR analysis of 28S
rRNA levels and both GAPDH and Total Tau mRNA levels
were generated as previously described [10]. Experimental
wells containing 25 μl PCR reactions were run in 384-well
plates. PCR was run on the ABI 7900 as follows; 1 cycle of
95°C for 15 minutes followed by 40 cycles of 95°C for 15
seconds and 60–65°C for 1 minute. None of the primer
pairs demonstrated more than 1 peak of fluorescence
from melt curve analysis. The standard curve was calcu-
lated by plotting the threshold cycle (Ct) against the log
nanogram quantity of RNA added to the RT reactions. A
linear regression was performed and the slope, relating Ct
to log ng RNA, was calculated, and converted to a mass
quantity of standard RNA. These mass values for the genes
of interest were then normalized to 28S ribosomal RNA
mass values and then divided by GAPDH mRNA to deter-
mine fold-change in mRNA expression relative to the
standard RNA pool. These fold change values for samples
in the vehicle treated vs. drug treated were analyzed for
significance using Student t-test.
Authors' contributions
CD designed, performed and analyzed all data generated
from ICW assays, qPCR and Western blotting. He com-
posed the paper and interpreted the findings. PA and NK
assisted with cell culture and Western blot analyses. WL
and LP provided interpretation of the results and intellec-
tual conception. MH and CE provided initial conception
of the program, secured funding for the research, devel-
oped the direction of the project, and contributed to the
writing of the manuscript.
Acknowledgements
The authors wish to thank the Johnnie B. Byrd, Sr. Alzheimer's Center & 
Research Institute and the Mayo Foundation for Medical Education and 
Research for financial support of this project.
References
1. Tytell M, Brady ST, Lasek RJ: Axonal transport of asubclass of tau
proteins: evidence for the regional differentiation of micro-
tubules in neurons.  Proc Natl Acad Sci U S A 1984,
81(5):1570-1574.
2. Stoothoff WH, Johnson GV: Tau phosphorylation:physiological
and pathological consequences.  Biochim Biophys Acta 2005,
1739(2–3):280-297.
3. Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H, Pick-
ering-Brown S, Chakraverty S, Isaacs A, Grover A, et al.: Association
of missense and 5'-splice-site mutations in tau with the inher-
ited dementia FTDP-17.  Nature 1998, 393(6686):702-705.
4. Spillantini MG, Murrell JR, Goedert M, Farlow MR, Klug A, Ghetti B:
Mutation in the tau gene in familial multiple system tauopa-
thy with presenile dementia.  Proc Natl Acad Sci U S A 1998,
95(13):7737-7741.
5. Oddo S, Billings L, Kesslak JP, Cribbs DH, LaFerla FM: Abeta immu-
notherapy leads to clearance of early, but not late, hyper-
phosphorylated tau aggregates via the proteasome.  Neuron
2004, 43(3):321-332.
6. Trojanowski JQ, Lee VM: Pathological tau: a loss of normal func-
tion or a gain in toxicity?  Nat Neurosci 2005, 8(9):1136-1137.
7. Santacruz K, Lewis J, Spires T, Paulson J, Kotilinek L, Ingelsson M, Gui-
maraes A, DeTure M, Ramsden M, McGowan E, et al.: Tau suppres-
sion in a neurodegenerative mouse model improves
memory function.  Science 2005, 309(5733):476-481.
8. Dickey CA, Eriksen J, Kamal A, Burrows F, Kasibhatla S, Eckman CB,
Hutton M, Petrucelli L: Development of a high throughput drug
screening assay for the detection of changes in tau levels –
proof of concept with HSP90 inhibitors.  Curr Alzheimer Res
2005, 2(2):231-238.
Table 2: Therapeutic window for most favorable candidate 
compounds
TC50 (μM) IC (μM)
Paclitaxel 0.1 0.01
Camptothecine 0.1 0.01
Fenbendazole 10 10
Mebendazole 1 1
Albendazole 10 1
Norethindrone 100 100
Betamethasone >100 100
Methylene Blue >100 10
Rotenone 1 1
Daunorubicin 1 0.1
Chelidonine 10 10
Alexidine 10 10
Podophyllotoxin 0.1 0.1
The concentration that was toxic to 50% of the cells (TC50) and the 
concentration that significantly reduced tau levels (IC) was 
determined for several compounds identified from screeningPublish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
Molecular Neurodegeneration 2006, 1:6 http://www.molecularneurodegeneration.com/content/1/1/6
Page 9 of 9
(page number not for citation purposes)
9. Dickey CA, Dunmore J, Lu B, Wang JW, Lee WC, Kamal A, Burrows
F, Eckman C, Hutton M, Petrucelli L: HSP induction mediates
selective clearance of tau phosphorylated at proline-
directed Ser/Thr sites but not KXGS (MARK) sites.  Faseb J
2006, 20(6):753-755.
10. Dickey CA, Loring JF, Eastman PS, Montgomery JR, Gordon M, Mor-
gan DG: Selectively reduced expression of synaptic plasticity-
related genes in APP+PS1 transgenic mice.  JNeurosci 2003,
23(12):5219-5226.
11. Dickey CA, Gordon MN, Mason JE, Wilson NJ, Diamond DM,
Guzowski JF, Morgan D: Amyloid suppresses induction of genes
critical for memory consolidation in APP + PS1 transgenic
mice.  J Neurochem 2004, 88(2):434-442.
12. Kwok JB, Teber ET, Loy C, Hallupp M, Nicholson G, Mellick GD,
Buchanan DD, Silburn PA, Schofield PR: Tau haplotypes regulate
transcription and are associated with Parkinson's disease.
Ann Neurol 2004, 55(3):329-334.
13. Skipper L, Wilkes K, Toft M, Baker M, Lincoln S, Hulihan M, Ross OA,
Hutton M, Aasly J, Farrer M: Linkage disequilibrium and associ-
ation of MAPT H1 in Parkinson disease.  Am J Hum Genet 2004,
75(4):669-677.
14. Goedert M, Spillantini MG, Serpell LC, Berriman J, Smith MJ, Jakes R,
Crowther RA: From genetics to pathology: tau and alpha-
synuclein assemblies in neurodegenerative diseases.  Philos
Trans R Soc Lond B Biol Sci 2001, 356(1406):213-227.
15. Rademakers R, Melquist S, Cruts M, Theuns J, Del-Favero J, Poorkaj
P, Baker M, Sleegers K, Crook R, De Pooter T, et al.: High-density
SNP haplotyping suggests altered regulation of tau gene
expression in progressive supranuclear palsy.  Hum Mol Genet
2005, 14(21):3281-3292.
16. Klein RL, Lin WL, Dickson DW, Lewis J, Hutton M, Duff K, Meyer EM,
King MA: Rapid neurofibrillary tangle formation after local-
ized gene transfer of mutated tau.  Am J Pathol 2004,
164(1):347-353.
17. Dawson HN, Ferreira A, Eyster MV, Ghoshal N, Binder LI, Vitek MP:
Inhibition of neuronal maturation in primary hippocampal
neurons from tau deficient mice.  J Cell Sci 2001, 114(Pt
6):1179-1187.
18. Tucker KL, Meyer M, Barde YA: Neurotrophins are required for
nerve growth during development.  Nat Neurosci 2001,
4(1):29-37.
19. Bove J, Prou D, Perier C, Przedborski S: Toxin-induced models of
Parkinson's disease.  NeuroRx 2005, 2(3):484-494.
20. Pickhardt M, Gazova Z, von Bergen M, Khlistunova I, Wang Y,
Hascher A, Mandelkow EM, Biernat J, Mandelkow E: Anthraqui-
nones inhibit tau aggregation and dissolve Alzheimer's
paired helical filaments in vitro and in cells.  J Biol Chem 2005,
280(5):3628-3635.
21. Argasinski A, Sternberg H, Fingado B, Huynh P: Doxorubicin affects
tau protein metabolism in human neuroblastoma cells.  Neu-
rochem Res 1989, 14(10):927-931.
22. Fromes Y, Gounon P, Tapiero H, Fellous A: Effects of fluoro-dox-
orubicin (ME2303) on microtubules: influence of different
classes of microtubule-associated proteins.  J Protein Chem
1996, 15(6):561-573.
23. Vincent I, Rosado M, Kim E, Davies P: Increased production of
paired helical filament epitopes in a cell culture system
reduces the turnover of tau.  J Neurochem 1994, 62(2):715-723.
24. Aronov S, Marx R, Ginzburg I: Identification of 3'UTR region
implicated in tau mRNA stabilization in neuronal cells.  J Mol
Neurosci 1999, 12(2):131-145.
25. Litman P, Barg J, Ginzburg I: Microtubules are involved in the
localization of tau mRNA in primary neuronal cell cultures.
Neuron 1994, 13(6):1463-1474.
26. Goedert M, Spillantini MG, Crowther RA: Cloning of a big tau
microtubule-associated protein characteristic of the periph-
eral nervous system.  Proc Natl Acad Sci U S A 1992,
89(5):1983-1987.
27. Couchie D, Mavilia C, Georgieff IS, Liem RK, Shelanski ML, Nunez J:
Primary structure of high molecular weight tau present in
the peripheral nervous system.  Proc Natl Acad Sci U S A 1992,
89(10):4378-4381.
28. Poorkaj P, Kas A, D'Souza I, Zhou Y, Pham Q, Stone M, Olson MV,
Schellenberg GD: A genomic sequence analysis of the mouse
and human microtubule-associated protein tau.  Mamm
Genome 2001, 12(9):700-712.
29. Andorfer C, Kress Y, Espinoza M, de Silva R, Tucker KL, Barde YA,
Duff K, Davies P: Hyperphosphorylation and aggregation of tau
in mice expressing normal human tau isoforms.  J Neurochem
2003, 86(3):582-590.
30. Zhang B, Maiti A, Shively S, Lakhani F, McDonald-Jones G, Bruce J, Lee
EB, Xie SX, Joyce S, Li C, et al.: Microtubule-binding drugs offset
tau sequestration by stabilizing microtubules and reversing
fast axonal transport deficits in a tauopathy model.  Proc Natl
Acad Sci U S A 2005, 102(1):227-231.